Abstract: Efficient logistics in urban areas is crucial for construction companies since building materials account for 30-40% of all construction costs and the space on site is highly constrained. To face these challenges, actions coming from both public and private decision-makers to find more sustainable solutions related to the distribution of building materials in urban areas become urgent. Although barely used in such contexts, can decision support systems be of support, and for who and for which purpose? This paper proposes a set of decision support systems addressing public and private decision-makers to improve the construction logistics and supply chain with evidence-based decision-making mechanisms. Those systems are, in particular, a public participatory geographical information system for determining the impact of policy measures, a consolidation center locator, a consolidation center planner, and an innovation measures selector. The paper explains how these decision support systems are settled and experimented from the analysis of pilot sites in European cities and in collaboration with the companies. Our diverse experiments demonstrate that data-driven decision-making is worth it to trigger thought on improvement measures for construction freight transport in urban area. We conclude that additional attention should be devoted to this specific sector.
Introduction
As of 2018, around 55% of the world's population lives in urban areas [1] . This share is expected to grow significantly. Europe is one of the most urbanized regions with 74% of its population living in urban areas in 2018. The share of this population is projected to rise to just over 80% by 2050, highlighting the need for more sustainable urban planning and public services [2] . The concentration of population in cities is causing an increase in construction works. This in turn leads to more trips related to and from construction sites, which often originate from far away and have huge negative externalities such as congestion, air pollution, noise, and accidents. According to the European Commission [3] , transport is one of the main contributors of air pollution in cities and represents almost one-quarter of Europe's greenhouse gas emissions. Urban freight is responsible for 25% of urban transport-related CO 2 emissions and 30-50% of other transport-related pollutant emissions (particulate matter, nitrogen oxide) [4] . Congestion is another externality of the transport activity which has also a major economic impact, and it is estimated to contribute to 1% of the European Union (EU)'s gross domestic product (GDP) [5] . Facing that problem, the European Commission set the objective of reaching free CO 2 city logistics by 2030 in major urban areas [6] . To address these challenges, policy-makers at the national and local level are seeking ways to make urban freight transport more sustainable and are increasing restrictions affecting it. As a result, city logistics that looks at efficient and effective transport of goods in urban areas while taking into account the negative effects on environment, safety, and congestion is critical to ensuring continued quality of life in cities.
negative effects on environment, safety, and congestion is critical to ensuring continued quality of life in cities.
This paper details a set of decision support systems (DSS) addressing public and private decision-makers, for instance, public authorities and construction companies, to improve the construction logistics and supply chain and facilitate evidence-based decision-making. Section 2 describes the so-called policy impact assessment DSS, a collaborative tool to demonstrate quickly and easily the impact of different policy and optimization measures on the sustainability of one or more construction projects. Section 3 describes three other DSSs as part of the so-called SUCCESFUL toolkit: the SUCCESSFUL-Action Plan DSS that provides guidance on the most appropriate logistics optimization measures, then the cost benefit analysis for CCC (SUCCESSFUL-CBA4CCC) DSS and the SUCCESSFUL-CCC locator DSS that provide guidance when implementing a CCC and help identify the conditions under which an urban consolidation center (UCC) is most likely sustainable. Section 4 provides a general discussion on the previously mentioned decision support systems and their relevance to the sustainability of the construction logistics. Section 5 concludes the paper.
Background
Alternative last mile solutions popped up in the last decades and some started disrupting the industry, especially the ones targeting the Business to Consumer e-commerce [7] [8] [9] . Some solutions already proved their benefits, while some others are too recent to justify their relevance. In this area, policy-makers need to consider where to drive innovation and where to slow down the autonomous economy to avoid unwanted consequences, such as job losses. For a sector with low margins, it is important to bring a change from traditional ways of delivering to better and economically more interesting ones. Hundreds of supply chains deliver goods to cities, each with its own specificities. Most last mile delivery solutions address today a large range of supply chains including, among others, e-commerce, HoReCa (hotels-restaurants-cafés), retail, and cold food. While the distribution of building materials represents a large share of the freight traffic in cities [10, 11] , very few initiatives address the construction sector, which suffers from poor productivity performance [12] and has a low appetite for investment in innovation. A recent study showed that poor logistics and supply chain management is one of the main causes of non-value adding operations [13] .
The Sustainable Urban Consolidation Centers for Construction (SUCCESS) project sought to address the challenges pinpointed by the European Commission and, in particular, to improve the understanding of urban freight transport and to introduce more resource-efficient, more environmentally friendly, safer, and seamless supply chain innovations. It aimed to improve the efficiency and reduce the negative impacts of the construction supply chain by exploring and testing reliable and innovative solutions with a specific focus on the construction consolidation centers (CCCs). As illustrated in Scheme 1, a CCC is a logistics facility close to construction sites where building materials are delivered, sorted, and eventually dispatched to the construction sites on a justin-time basis. The CCC provides suppliers with easier access to deliver their goods and enough space for big trucks to perform maneuvers and unloading operations. Building materials can be safely stored in a CCC and deliveries can be better organized to increase fluidity and react to urgent needs on construction sites. The concept is very similar to the urban consolidation center (UCC). Various contributions [14] [15] [16] [17] addressed the use of UCCs to improve the efficiency of urban freight transport and thereby reduce its impacts on traffic and the environment. While UCCs have been around for years, there are still doubts on both their economic viability and their ability to improve goods' distribution and alleviate environmental and traffics issues within urban areas. Indeed, many UCCs failed once public funding became unavailable, thus proving that the scheme was not sustainable [16] . The lack of information on the costs and benefits of a UCC makes evidence-based decision-making difficult.
On the choice of policy measures for urban freight transport, recent studies [18] tested numerical simulated approaches to model the behaviors of stakeholders when selecting and implementing a Urban Freight Transport (UFT) policy measure. This suggests that supporting the stakeholders' decision-making process for urban freight transport is a track of investigation.
The Collaborative Policy Impact Assessment DSS

Aim
This collaborative DSS tool helps demonstrate quickly and easily useful and sustainable solutions to improve the current situation and facilitates evidence-based decision-making. The policy impact assessment DSS helps understanding, quantifying, and comparing impacts of various policy and optimization measures on the delivery of building materials on construction sites. The policy and optimization measures implemented in this tool address restrictions on the size and emission standards of the delivery vehicles and the introduction of a CCC. The ambition was to foster collaboration between the relevant stakeholders, which have each their own goals, strategy, and understanding of the issue.
Methodology
The use of participatory, collaborative, and/or interactive approaches is quite common in urban planning. The aim of such approaches is to embed stakeholders in the process of making decisions on urban planning that will affect urban activities. Participatory approaches are required to overcome the lack of knowledge exchange between stakeholders [19] [20] [21] . While participatory approaches are usually low-tech and take the form of public meetings, studies proposed the use of technology, usually a geographical information system (GIS), in such contexts [22, 23] . Later, the use of GIS was extended to a public-wide context [24] , which is referred to as a public participation GIS (PPGIS) [25] [26] [27] . The authors experienced the use of a PPGIS with a tangible tabletop for making collective decisions on urban logistics [28] . Given the positive feedback of the PPGIS experience with a tangible tabletop, the authors chose to renew the tangible PPGIS approach for the purpose of construction logistics.
Over the interactive tangible tabletop presented in Figure 1 , decision-makers can stand around and discuss, in a collaborative way, how to solve a problem. The hardware part of the PPGIS is a 55-inch touchscreen usually designed as a combinable cell for a visualization wall. The screen includes a touch detection technology with infrared cameras that allow the detection of hands, fingers, and objects with optical markers. For the purpose of the PPGIS approach, the screen was used horizontally (laid on a table) instead of vertically (hanging on a wall). This setting allowed the use of optical-marked physical objects (i.e., tokens) as interfaces with the GIS. The screen is connected to a computer that hosts the GIS. In such a configuration, the screen acts both as a display unit and as an input unit. However, the finger touching capability is not exploited. Only the optical reading of objects is used.
For the software part, the core GIS layer is an open-source database management system with GIS capability: the PostgreSQL system with the PostGIS extension. On top of this layer, a display and interaction capture layer are added in the form of a Java application. 
Data Collection
The tool is generic but the illustration was developed around a case study in Luxembourg City. The set of data required to present this case study is derived from data observed over eight months of activity in one of the four real construction sites observed during SUCCESS. The volume of building materials, number of deliveries, etc. for the three other sites were estimated proportionally to the size of the construction site. The vehicles' sizes and emission standards were observed on one site (over eight months of operations), and then their distributions were computed. It was assumed that the vehicles delivering the three remaining construction sites followed the same distribution.
The routing data were computed using road networks data from Open Street Map with the PGrouting library. The air pollutant emissions were computed from the routing data, combined with vehicles' data (size and emission standard) with the COPERT© tool.
This formed the baseline for the development of several "what-if" scenarios, where parameters (mainly policy measures) can be modified through the PPGIS. For each scenario, the impact on logistics operations indicators (travel distance, number of deliveries) on environment (particulate matter (PM x ) and CO 2 emissions) and on health was precomputed so that it could be displayed to the users in the PPGIS.
Data Representation
Over the interactive tangible table, the user lays down tokens representing basic information related to the construction logistics and to the impact of policy measures. A token can represent information in different views. Table 1 summarizes the possible user interactions. Firstly, the user displays the locations of the construction sites and their suppliers (construction sites and supplier tokens). Table 1 . Description of interactions (tokens) with the public participation geographic information system (PPGIS). CCC-construction consolidation center; PM-particulate matter.
Token Description
Construction sites
Display the location and size of the construction sites.
Suppliers
Allow the selection between 3 different options for the suppliers who deliver freight to the construction sites: their location, the number of deliveries originating from each supplier, and the total tonnage delivered by it.
Vehicle emission standard
Allow the selection between 3 different options for vehicle emissions standards: baseline (current situation), Euro IV, Euro VI.
Vehicle size
Allow the selection between 4 different options for vehicle emissions standards: baseline (current situation), light (<3.5 t), medium (rigid trucks between 7.5 t and 12 t), heavy (articulated trucks between 28 t and 34 t).
CCC Allow the selection between 3 different potential locations for a CCC: baseline (no CCC), option 1 (Bettembourg), option 2 (Senningenberg), option 3 (Hamm).
Dashboard
Display results associated with the selected options for CCC, vehicle size, and vehicle emission standard for a set of 6 indicators: number of deliveries (total), distance traveled (total, km), CO 2 emissions (total, g), PM2.5 emissions (total, g), PM10 emissions (total, g), and the disease burden expressed in DALYs (disability-adjusted life years).
Zoom in/out
Move the map and zoom in and out.
Initial view
Reset the center point of the map and the zoom level.
Reset scenario Reset the vehicle size, emission standard, and CCC to the baseline's results.
By moving and/or rotating the relevant tokens, the user can apply different policy decisions related to the CCC (CCC token), as well as the size and emission standard of delivery vehicles admitted into the city (vehicle size and vehicle emission standard tokens), and get immediate information on their impact on a set of indicators (Dashboard token). Considering the different options that the three 
Results
Impact of the size of the vehicle
The user can quantify the impact of restricting the size of the vehicles used to deliver building materials to the four construction sites.
•
The baseline represents the distribution of vehicles observed on the four constructions sites (current situation), with a mix of light (30% of the total), medium (20% of the total), and heavy (50% of the total) vehicles; • Light (<3.5 t): with this measure, only light (N1 size) vehicles are allowed to deliver goods in the city center; • Medium (Rigid trucks between 7.5 t and 12 t); • Heavy (Articulated trucks between 28 t and 34 t).
We acknowledge that some options are purely theoretic since light vehicles cannot be the only size of vehicle that suppliers can use to deliver construction materials because of their volume and weight.
Indeed, restricting the vehicle size alone does not influence positively the impact of deliveries. On the contrary, restricting the delivery to light vehicles only makes the number of trips explode, which increases all the environmental indicators (CO2, PM10, and PM2.5) by 255% to 295%, as well as the health indicator (disability-adjusted life years (DALY)) by 445% and the operation indicators (travel distance and number of deliveries) by 1000% of the baseline. 
Results
Impact of the size of the vehicle
•
Indeed, restricting the vehicle size alone does not influence positively the impact of deliveries. On the contrary, restricting the delivery to light vehicles only makes the number of trips explode, which increases all the environmental indicators (CO 2 , PM 10 , and PM 2.5 ) by 255% to 295%, as well as the health indicator (disability-adjusted life years (DALY)) by 445% and the operation indicators (travel distance and number of deliveries) by 1000% of the baseline.
The situation is a bit better (or less worse) with medium-sized vehicles, but still underperforming when compared to the baseline; environmental indicators increase by 33% to 43%, the health indicator increases by 23%, and the operations indicators increase by 60%.
Restricting to heavy vehicles only allows a decrease in operation indicators (with a 20% drop in distance and a 30% drop in the number of deliveries), but environmental and health indicators raise slightly above the baseline (+4-7% for PM 10 and PM 2.5 and +14% for DALY).
In this case, the mix of vehicles represented by the baseline is revealed to be the best option.
Impact of the Emission Standard of the Vehicle
The user can quantify the impact of restricting the emission standard of the vehicles used to deliver building materials to the four construction sites.
• Restricting the vehicle's emission standards does positively influence the impact of deliveries only in the case of Euro VI. In both cases (Euro IV and Euro VI), the operation indicators are unchanged, since the size of the vehicles and their routing do not change when restricting only the emission standard.
When restricting to Euro IV, the environmental indicators increase by 7% to 10% for PM 10 and PM 2.5 while CO 2 increase is very limited (+0.8%) and the health indicator's increase is even more limited (+0.16%). This is explained by the fact that replacing all vehicles with Euro IV ones results in improving the performance for part of the fleet but lowering the performance for another part as compared to the baseline distribution.
When restricting to Euro VI, the environmental indicators decrease significantly for PM x (−31% for PM10 and −44% for PM2.5); however, counterintuitively, the CO 2 increases slightly. This is due to the fact that the Euro VI standard focuses on the reduction of NOx emissions (which we do not monitor in our simulations) by relaxing very slightly the CO 2 emissions in comparison to previous emissions standards. The health indicator decreases slightly (−2%).
The best option is, therefore, to increase the requirement for vehicle emission standards, although it does not guarantee an improvement of all indicators.
Impact of the Introduction of a CCC and Its Location
For the purpose of the scenario, we identified three locations where potential CCCs could operate. It was assumed that, when a CCC is used, the observed deliveries are split into two parts, an inbound flow from the supplier to the CCC and a consolidated outbound flow from the CCC to the construction sites. Another strong assumption was made, i.e., that the CCC uses a fully loaded heavy vehicle to deliver the materials to the construction sites.
In the PPGIS, the user can quantify the impact of implementing a CCC to deliver building materials to the four construction sites by using the CCC token. By manipulating the token, he can choose one of the three locations for the CCC or stay in the current situation with no CCC.
With the introduction of a CCC, in the three options, the number of deliveries (−15%) and the total distance traveled drop (from 25% to 37%) when compared to the baseline. However, the environmental and health indicators do not necessarily drop as well. Indeed, the CCC location might induce a longer travel distance in urban or on non-motorway roads where delivery vehicles have more environmental impact. Particulate matter is reduced in all cases (due to the lower number of vehicles driving in the city center) from 16% to 2%. However, for CO 2 emissions and for the health indicator, only one out of three potential locations for a CCC appears to be a better choice than the situation without a CCC (the baseline).
These results show that introducing a CCC, as a single policy measure, does not necessarily bring a positive environmental and health impact on the delivery of building materials. Only when the Sustainability 2019, 11, 2762 7 of 22 location of the CCC is carefully chosen, based on the analysis of delivery history, can the environmental impact be improved.
Impact of Combined Policy Measures
The PPGIS offers the possibility for users to combine policy measures in order to see the impact of such combined measures, thus allowing a multi-criteria decision analysis. The authors assumed that vehicles for the outbound flow (delivering to the construction site) are always heavy vehicles (see previous section), which means that, when combining vehicle size restriction and the use of a CCC, the restriction applies to the inbound flow (vehicles delivering to the CCC).
Out of the 47 possible scenarios, only five lead to the reduction of all indicators when compared to the baseline. All five scenarios make use of a CCC, the one located closest to the construction sites, in combination with one of the other policy measures. Among these, the best combination of policy measures is the following:
• Size of the vehicle for inbound flows: heavy trucks; • Emission standards: restriction to Euro VI class; • Use of CCC: located closest to the construction sites.
This combination of measures would hypothetically allow a 39% reduction in total delivery distance, a 49% reduction of the number of deliveries to the construction site, a decrease in PM 10 and PM 2.5 emissions by 18% and 17% respectively, a reduction in CO 2 by 11%, and a decrease of the health impact indicator by 9%.
Experimentation and Validation
The PPGIS was first proposed to SUCCESS project partners to support their decision. As illustrated in Figure 2 , the construction company that provided the data used the PPGIS for one month at the end of 2018. In a free use context, the company exposed the impact of the logistics operations related to its core activities to its internal and external stakeholders. The PPGIS was also presented in scientific conferences and business exhibitions between 2017 and 2018 to hundreds of visitors. Finally, the PPGIS is visible to the public in the showroom of the authors' institute since mid-2017. Regular exhibitions are done to raise scientific awareness of the public or of specific scientific or industrial visitors. In all cases, the authors received very positive feedback from the community who was impressed by the capacity of this application to explain a complex context resulting from a vast amount of information and correlations in a simple and visual way. It appears that the tool helps break down some prejudices such as the idea that light vehicles fit urban freight transport better than heavy vehicles or that a CCC necessarily provides positive environmental impacts. These results show that introducing a CCC, as a single policy measure, does not necessarily bring a positive environmental and health impact on the delivery of building materials. Only when the location of the CCC is carefully chosen, based on the analysis of delivery history, can the environmental impact be improved.
Impact of Combined Policy Measures
The PPGIS offers the possibility for users to combine policy measures in order to see the impact of such combined measures, thus allowing a multi-criteria decision analysis. The authors assumed that vehicles for the outbound flow (delivering to the construction site) are always heavy vehicles (see previous section), which means that, when combining vehicle size restriction and the use of a CCC, the restriction applies to the inbound flow (vehicles delivering to the CCC). Out of the 47 possible scenarios, only five lead to the reduction of all indicators when compared to the baseline. All five scenarios make use of a CCC, the one located closest to the construction sites, in combination with one of the other policy measures. Among these, the best combination of policy measures is the following:
This combination of measures would hypothetically allow a 39% reduction in total delivery distance, a 49% reduction of the number of deliveries to the construction site, a decrease in PM10 and PM2.5 emissions by 18% and 17% respectively, a reduction in CO2 by 11%, and a decrease of the health impact indicator by 9%.
Experimentation and Validation
The PPGIS was first proposed to SUCCESS project partners to support their decision. As illustrated in Figure 2 , the construction company that provided the data used the PPGIS for one month at the end of 2018. In a free use context, the company exposed the impact of the logistics operations related to its core activities to its internal and external stakeholders. The PPGIS was also presented in scientific conferences and business exhibitions between 2017 and 2018 to hundreds of visitors. Finally, the PPGIS is visible to the public in the showroom of the authors' institute since mid-2017. Regular exhibitions are done to raise scientific awareness of the public or of specific scientific or industrial visitors. In all cases, the authors received very positive feedback from the community who was impressed by the capacity of this application to explain a complex context resulting from a vast amount of information and correlations in a simple and visual way. It appears that the tool helps break down some prejudices such as the idea that light vehicles fit urban freight transport better than heavy vehicles or that a CCC necessarily provides positive environmental impacts. 
The SUCCESSFUL Toolkit
Complementary to the previous collaborative DSS, a toolkit called SUCCESSFUL allows urban decision-makers, as well as transport and logistics and construction companies, to receive targeted advices on potential optimization measures for future construction projects. The toolkit is a set of three freely available software tools, as follows:
• SUCCESSFUL-Action Plan: the DSS assesses the logistics complexity of a given set of projects in a given city and identifies the most appropriate optimization measures; • SUCCESSFUL-CCC Locator: the DSS identifies the optimal location of a CCC among a given set of options; • SUCCESSFUL-CBA4CCC: the DSS assesses the costs and the benefits that a CCC would bring for a given set of projects in a given city.
The three tools are all available on the same platform, illustrated in Figure 3 , allowing the end-user to create a personal account and benefit from a more convenient and personal browsing experience. The SUCCESSFUL-CCC Locator DSS is integrated in the SUCCESSFUL-CBA4CCC DSS so the decision-maker can skip some steps when estimating distance and access time. 
SUCCESSFUL-Action Plan DSS
Aim
The SUCCESSFUL-Action Plan DSS provides both local authorities and construction companies with a framework for making the construction logistics and supply chain more efficient. It is designed to assess the logistics complexity of a construction project and explore solutions adapted to its profile among about 70 solutions that address the logistics challenges. Because each city and each construction project are different, the set of selected measures may drastically change. For example, a construction site with a very limited available space and located in a congested area may require a clear and effective strategy to reduce the negative externalities caused by its logistics. On the other 
SUCCESSFUL-Action Plan DSS
Aim
The SUCCESSFUL-Action Plan DSS provides both local authorities and construction companies with a framework for making the construction logistics and supply chain more efficient. It is designed to assess the logistics complexity of a construction project and explore solutions adapted to its profile among about 70 solutions that address the logistics challenges. Because each city and each construction project are different, the set of selected measures may drastically change. For example, a construction site with a very limited available space and located in a congested area may require a clear and effective strategy to reduce the negative externalities caused by its logistics. On the other hand, a construction site located in a new urban area may require a less proactive and costly set of mitigating actions.
Methodology
The identification of the most appropriate measures follows a two-step approach.
•
In the first step, the DSS helps the decision-maker (a construction company or a local authority) to evaluate the logistics profile of a construction site, which reflects its complexity. This step determines which projects should receive highest priority within a portfolio of projects that were already evaluated.
•
In the second step, the decision-maker selects among the evaluated projects a construction site to which he or she wants to give more attention (i.e., construction projects classified as high priority) and selects the objectives that his or her organization targets. Finally, the decision-maker is guided in the preparation of an action plan with a selection of the most appropriate measures based on the overall complexity of the project and the selected objectives.
4.1.3.
Step 1: Evaluating the Logistics Profile of the Construction Project
The logistics profile of a construction site is assessed along two primary dimensions: the urban complexity and the site complexity. The urban area dimension addresses the complexity of a set of variables related to the accessibility of the construction site. The construction site dimension looks at the complexity of a set of variables related to the construction site itself.
Based on the experience learned from past projects (e.g., the Interreg NWE IVB LaMiLo project; the House of BioHealth, Eco 2 , and Royal Grace construction projects) and the SUCCESS project, a group of six experts from the logistics and construction sectors identified 22 variables listed in Table 2 . Each of them was evaluated on a four-point rating scale (slightly (one point) to extremely complex (four points)). For each variable, the experts' group defined different levels of complexity. The rating of each variable was either evidence-based or perception-based. Indeed, some variables, such as turnover, can be rated in numerical terms. Others, such as city logistics regulation, can only be rated by the judgement of the assessor, as illustrated in Table 3 and Figure 4 . During this phase, the decision-maker collects all relevant information, thus enabling him or her to determine with a high level of confidence the complexity of each dimension. The decision-maker is guided through the evaluation assessment with questions illustrating each variable and with additional explanations and examples to ease the understanding. The global evaluation of the variables' score determines the rating of the dimension. When all the ratings related to a dimension are identified, the DSS calculates the average of the dimension. Each variable has the same weight for the rating of the dimension. Using these ratings, the assessor can determine the level of complexity achieved for one dimension.
The complexity of the construction project is evaluated against the full range of variables for both the urban area and construction site dimensions. A logistics profile is determined from the combination of the urban complexity and construction complexity scores of a construction project. For an easy understanding, the DSS graphically represents the logistics profile on a matrix that increases visibility and facilitates the comparison between different projects' complexity, helping determine which construction projects need an action plan in priority. The logistics profile matrix uses a 4 × 4 matrix with the scale of complexity for the urban and site dimensions "slightly", "moderately", "very", and "extremely" complex.
The overall logistics profile of the construction site ranks as low, moderate, or high priority. Construction projects in low priority benefit from very good conditions on the construction site and The decision-maker is guided through the evaluation assessment with questions illustrating each variable and with additional explanations and examples to ease the understanding. The global evaluation of the variables' score determines the rating of the dimension. When all the ratings related to a dimension are identified, the DSS calculates the average of the dimension. Each variable has the same weight for the rating of the dimension. Using these ratings, the assessor can determine the level of complexity achieved for one dimension.
The overall logistics profile of the construction site ranks as low, moderate, or high priority. Construction projects in low priority benefit from very good conditions on the construction site and accessibility to the site. The projects that fall in this category do not need proactive actions since such actions would offer little benefit. The added value of improving logistics for this category is low.
Construction projects in moderate priority are somehow constrained by either the site itself or the surrounding urban area. Investment should be intermediate for projects falling in this category since the added value of improving logistics for this category is moderate. Construction projects in high priority are highly constrained by the site itself and are located in a constrained urban area. The added value of improving logistics for this category is the highest. An action plan to reduce the negative externalities should target primarily construction projects in this category since they offer the greatest benefit. It is important to understand the priority of each project in terms of logistics as it allows the construction company or the local authority to appreciate the relative importance of each project and decide what resources they will allocate to managing that complexity.
A sample of the logistics profile matrix is given below for a reference in Figure 5 . It shows the complexity of three construction projects. The size of the icon in the chart is proportional to the turnover of the project. The decision-maker should here focus his or her efforts on projects falling in the "high-priority" category and having the higher turnover.
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Step 2: Exploring Solutions Adapted to Its Profile
After selecting the construction project for which the decision-maker wants to focus on, the DSS proposes the decision-maker to select and prioritize objectives the organization targets among a set of 15 objectives such as "increase safety outside the construction site", "reduce congestion", or "reduce waste". Based on the priorities and the overall complexity of the project, the DSS proposes a list of the most appropriate measures ordered by relevance. The proposed measures are a selection among 75 measures that the consortium identified as solutions to improve the logistics and supply chain management in the construction. We acknowledge that other practices exist and that the DSS proposes only a subset of the existing practices.
The measures are mapped against the 22 variables so that the assessment guides the decisionmaker in identifying the most relevant measures for his or her own situation and preparing an action plan. Some variables may be more determinant than others to qualify a measure. Table 4 presents an illustration of the mapping between one measure (logistics team in this case) and the variables that have an influence on the adoption of this measure (see Table 3 for the notation). The table specifies the rating that a variable needs to achieve to make the measure relevant. In other words, the table can be read as follows: if the variable scores at the level indicated in the cell, then the implementation of the measure might be relevant to reduce the complexity. Table 4 . Relationship between the variables and the measures for one measure.
Variable
Logistics Team 
Step 2: Exploring Solutions Adapted to Its Profile
The measures are mapped against the 22 variables so that the assessment guides the decision-maker in identifying the most relevant measures for his or her own situation and preparing an action plan. Some variables may be more determinant than others to qualify a measure. Table 4 presents an illustration of the mapping between one measure (logistics team in this case) and the variables that have an influence on the adoption of this measure (see Table 3 for the notation). The table specifies the rating that a variable needs to achieve to make the measure relevant. In other words, the table can be read as follows: if the variable scores at the level indicated in the cell, then the implementation of the measure might be relevant to reduce the complexity.
Then, the DSS proposes to the decision-maker to select measures among the most appropriate ones based on the evaluation of each measure against eight criteria indicating the effort to invest to implement and maintain the measure: cost, time, difficulty, resources, pre-requisite, management, control, and global (Figure 6a) . Finally, the DSS graphically represents on a radar chart the extent to which the selected measures will help reach the selected objectives (Figure 6b ). Then, the DSS proposes to the decision-maker to select measures among the most appropriate ones based on the evaluation of each measure against eight criteria indicating the effort to invest to implement and maintain the measure: cost, time, difficulty, resources, pre-requisite, management, control, and global (Figure 6a) . Finally, the DSS graphically represents on a radar chart the extent to which the selected measures will help reach the selected objectives (Figure 6b ). 
SUCCESSFUL-CBA4CCC DSS
Aim
The project identifies the CCC as a particularly promising solution for the construction sector under pressure to increase its productivity performance while reducing the associated negative externalities. The main barriers remain in evaluating the economic viability and designing the related sustainable business model. The viability of a CCC must be evaluated on a case-by-case basis and depends on many variables. There exist few examples of CCCs; the most known are those in Stockholm that received public subsidies granted during the period of construction of a large urban development project and those in London for which the business model relies essentially on the regulatory framework which includes a congestion charge scheme and high-level requirements for developers. CCCs can be financially sustainable, even without public help, but the initiative must be located in a context that is favorable to their development (in terms of geographical location, chosen business model, political environment, etc.). The feasibility and profitability of a CCC highly depends on the possibility to reach economies of scale to compensate the extra costs; thus, the presence of big construction sites or the choice of a CCC serving several sites seems to be the most financially sustainable in the long term.
In that context, a CBA tool named "CBA4CCC" was developed to specifically address the construction sector in assessing in a simplified manner the potential benefits and associated costs that a CCC would bring for a given set of projects in a given city.
Methodology
The tool relies on a cost-benefit analysis approach (CBA), a quantitative approach that provides support to decide whether to go ahead with a project. It involves a comparison of the expected benefits of an action compared with the associated costs that gives the net present value (NPV). If the NPV is positive, the benefits are greater than the costs and the project will, over time, be profitable. If the NPV is negative, the project will never be profitable and the project is not worth the effort. The developed appraisal framework relies on the basic principles outlined in the Guide to Cost Benefit Analysis of Investment Projects by the Evaluation Unit of the European Commission Directorate General of Regional Policy.
The tool results from a deep analysis of the costs and benefits of CCC applied to the four construction sites observed during the project (Luxembourg City, Paris, Valencia, and Verona). The approach proposed in the tool provides a simplified version of the analysis based on a number of assumptions. The current version of the DSS allows the evaluation of different scenarios including only the use of one CCC and not several. The definition of the business model can be supported by the use of a business model canvas and by the analysis of the business models that were applied in previous UCC and CCC experiences. This information will be useful in order to detect business models suitable for the implementation of CCCs by the construction industry.
Because several stakeholders can participate in the implementation of a CCC, the DSS addresses four types of stakeholders who can be involved in such initiative: construction companies, logistics and service providers (LSPs), material suppliers, and public authorities. We assume that stakeholders do not have access to the same kind of data according to their profile and will not be interested by the same results and benefits. Therefore, the decision-maker provides a set of inputs that depends on its profile and the DSS proposes different perspectives.
CBA4CCC Construction Company
The SUCCESSFUL-CBA4CCC DSS proposes to a construction company to evaluate the potential benefits that the implementation of a CCC would bring if the company operates the CCC. In this case, the CCC is a cost center where the main benefits come from the optimization and the savings in the core operations of the construction company (although the operations could be outsourced to an LSP). There are no revenues since the construction company is the customer and provider of the service.
Thus, the benefits of the CCC are assessed globally for the construction company by estimating the savings that the CCC brings to its core business (i.e., construction activity). The construction company will likely select this scenario if it is the only customer of the service and the CCC serves one big project or several projects.
The CCC could benefit the main contractor who wants to improve logistic efficiency on site and, therefore, reduce the risk of letting the project run behind schedule or over budget. It could also benefit the trade contractors who are interested in a secured storage area to reduce thefts, and damage or loss of materials and equipment. Globally, the main benefits for the construction company are the following:
• Improvement of labor force's productivity; • Better use of materials due to fewer stolen/damaged items; • Better reliability and punctuality of deliveries; • Increased safety conditions on site due to the reduction of material handling; • Benefits of the just-in-time method applied to the construction industry; • Reduced stock on site; • Reduced number of vehicles on site and better delivery planning; • Waste reduction and possibility to use round trips for reverse logistics.
To configure the scenario in the DSS, the decision-maker should first give an estimation on the following:
•
The inflation rate (%); The share of the labor force that will benefit from the CCC compared to the total cost of the project (%); • The share of the material cost that will be delivered by the CCC compared to the total cost of the project (%); • The rental cost of the CCC (€/m 2 /month).
Based on the configured scenario, the DSS generates a spreadsheet including the estimated costs and benefits associated with the implementation of a CCC for a life span of 10 years. The cost estimate comes from the following: The estimate of the revenues come from economic savings due to a better labor performance on the site and better utilization and handling of building materials as follows:
• Personnel savings (€); • Savings due to better utilization of materials (€); • Savings due to unsorted bins (€).
The net present value is calculated from the previous costs and benefits and is compared to the situation without CCC so the construction company can evaluate if the use of a CCC is economically viable.
Additionally, the DSS proposes some recommendations in terms of dimensioning of the service to implement to work correctly, such as the following:
• Facility (m 2 ): total surface needed included the one for the storage; • Fleet of vehicles: number of trucks recommended per tonnage; • Labor force: number of managers, operators, drivers and other staff; • Equipment: number of different types of handling equipment at the CCC (e.g., forklifts).
CBA4CCC Logistics and Service Provider
The SUCCESSFUL-CBA4CCC DSS proposes to an LSP to evaluate the potential benefits that the implementation of a CCC would bring if it operates a CCC. In this case, the LSP is managing a CCC as a profit center and the revenues come from services provided to the construction companies. In this case, the LSP is likely offering services to several construction companies and, therefore, serving several construction sites simultaneously. The CCC is operated on a permanent basis and is responsible for the investments required (e.g., infrastructure, vehicles).
To configure the scenario in the DSS, the decision-maker should first provide his or her estimation of the following:
•
The inflation rate (%); The estimated revenues come from the services provided to the construction companies. They include not only the delivery of the building materials, but also additional services such as express deliveries, off-peak deliveries, working package, rented space for pre-fabrication, mock-up, and storage. We acknowledge that the LSP could also get revenues from the services provided to suppliers, but this eventuality is not integrated in this model.
The net present value is calculated from the previous costs and benefits and is compared to the situation without CCC so the LSP can evaluate if the use of a CCC is economically viable.
Additionally, the DSS proposes some recommendations in terms of dimensioning of the service to implement to work correctly. The types of recommendations are the same as the ones for the construction companies.
CBA4CCC Material Supplier
The SUCCESSFUL-CBA4CCC DSS proposes to a material supplier to evaluate the potential benefits that the implementation of a CCC would bring if he or she uses the services offered by a CCC. In this case, the CCC addresses the suppliers (shippers or carriers) who are asked to use the CCC by the construction company. If they do not pay directly the CCC, we imagine that their customers would ask them for a discount. We acknowledge that the CCC could address suppliers who prefer not entering the city during the peak hours and dropping off material at the CCC at their convenience, and that suppliers who do not have a warehouse to store temporary equipment could use the CCC as storage; however, the DSS does not integrate these scenarios at this stage. The main benefits of a CCC for the material's supplier are the following: To configure the scenario in the DSS, the decision-maker should first provide his or her estimation of the following:
•
The location of the CCC or the average distance (km) and the average time (min) from the CCC to the construction sites; • The average distance (km) and the average time (min) from the warehouse to the CCC.
Then, the decision-maker sets values for the congestion charge (zero in the absence of one) and describes the fleet by indicating for each category of vehicles the number of vehicles, their euro class, number of deliveries, and transport costs outside and inside the city.
Based on the configured scenario, the DSS generates a spreadsheet including estimations on the following socio-economic savings: 
CBA4CCC Public Authorities
The SUCCESSFUL-CBA4CCC DSS proposes to a public authority to evaluate the potential benefits that the implementation of a CCC would bring if it serves one or several construction sites. Public authorities are mostly interested in getting a livable city where the negative externalities related to the transport of materials such as accidents, congestion, noise, pollution, and the production of waste are limited. They could implement UFT policies that have a direct impact on the delivery to construction sites with the objective to reduce the associated negative effects and, therefore, create the conditions that could ensure the business case for a CCC. Among the common policy measures [29] [30] [31] , the DSS considers the two following ones on which the cities can evaluate the impacts: access restriction based on the emissions of the vehicles that can enter the city and congestion charge. The main benefits of a CCC for the public authorities are the following: To configure the scenario in the DSS, the decision-maker should first provide an estimation of the following:
•
The location of the CCC or the average distance (km) and the average time (min) from the CCC to the construction sites; • The number of construction sites; • The average daily number to each construction site.
Then, the decision-maker sets a value for the congestion charge and restrictions on the emissions standards of different types of vehicles.
Based on the configured scenario, the DSS generates a spreadsheet including estimations of the following environmental and economic savings: 
SUCCESSFUL-CCC Locator DSS
Aim
The location of the CCC as an intermediate node in the supply chain plays a key role to reach its main objectives, which are to reduce vehicle accidents, congestion, emissions, and noise within the city. If facility location problems are extensively investigated in the operational research from a variety of algorithmic perspectives, we believe that applications of these models to specific sectors considering the lack of certain data remain of interest. Indeed, a facility location solver is usually based on origin/destination and the volume of material delivered, which is difficult to estimate prior to a construction project. The SUCCESFUL-CCC locator DSS provides evidence-based decision-making with minimum information on volume and suppliers' location to select the most appropriate location for a CCC among a given set of existing facilities in order to minimize travel distance, driving time, and emissions. The tool considers environmental and traffic impacts and does not consider socio-economic impacts but the SUCCESSFUL-CBA4CCC DSS instead.
Proposed Framework
Firstly, the decision-maker builds a scenario in which he or she defines on a map the locations of construction projects, potential CCCs, and suppliers (see Figure 7) . The construction projects are represented with a polygon that delimits a demand area to which the user associates the total value of the construction sites (€) and their type (i.e., public buildings, apartments, urban works, offices). Potential CCCs are represented with orange points and do not have any capacity restriction in terms of storage. Finally, potential suppliers are represented with green points to which the user associates the building materials they deliver (i.e., civil works, external works, facades waterproofing, finishing, mechanical, electrical, and plumbing). The user associates one to several types of building materials to a supplier and at least one supplier to each type of building material. These software modules and the mapping elements were developed using popular web services and open-source tools such as the Leaflet JavaScript library and data from the OpenStreetMap community.
Firstly, the decision-maker builds a scenario in which he or she defines on a map the locations of construction projects, potential CCCs, and suppliers (see Figure 7) . The construction projects are represented with a polygon that delimits a demand area to which the user associates the total value of the construction sites (€) and their type (i.e., public buildings, apartments, urban works, offices). Potential CCCs are represented with orange points and do not have any capacity restriction in terms of storage. Finally, potential suppliers are represented with green points to which the user associates the building materials they deliver (i.e., civil works, external works, facades waterproofing, finishing, mechanical, electrical, and plumbing). The user associates one to several types of building materials to a supplier and at least one supplier to each type of building material. These software modules and the mapping elements were developed using popular web services and open-source tools such as the Leaflet JavaScript library and data from the OpenStreetMap community. Once the user builds the scenario, the DSS generates a configuration file that includes a set of indicators estimated for the baseline (situation without a CCC) and the potential CCCs. The indicators are the following: traveled distance, time, number of deliveries, load, CO emissions, PM2.5 emissions, PM10 emissions, NOx emissions, and CO2 emissions.
The time and travel distances are calculated based on a web service, managed by MapQuest, which provides real distances between two coordinates.
The other indicators are generated through a local library that executes a simulation for each CCC in the scenario described by the decision-maker. The simulations rely on a mathematical model of the stochastic facility location problem. The volume of building materials delivered to the construction site(s) is estimated from data collected on the four construction sites observed during the SUCCESS project. The computation of the emissions results from the estimated traveled distance and emission factors based on COPERT©.
With the estimated results, the decision-maker compares the alternative scenarios with each other and can select the most appropriate providing evidence-based decision-making. Once the user builds the scenario, the DSS generates a configuration file that includes a set of indicators estimated for the baseline (situation without a CCC) and the potential CCCs. The indicators are the following: traveled distance, time, number of deliveries, load, CO emissions, PM 2.5 emissions, PM 10 emissions, NOx emissions, and CO 2 emissions.
With the estimated results, the decision-maker compares the alternative scenarios with each other and can select the most appropriate providing evidence-based decision-making.
Experimentation and Validation
The SUCCESSFUL toolkit DSS was applied to the four construction projects as an initial experiment. The simulations for each of the four cities assessing the impacts of the use of a CCC serving one to several construction projects showed very good results. The daily number of freight vehicles for both direct and reverse logistics can be reduced by 42% to 54%; CO 2 emissions can be reduced by 13% to 33%, NOx ones by 8% to 41%, and PM x ones by 19% to 30%; the distance traveled by construction vehicles can be reduced by 20% to 42%; small deliveries can be eliminated entirely, and the load factor can be increased by 41% to 232%. Also, proper management of a CCC can make it a viable business, with a payback that is often very short (less than a year) and only in one case is of five years. However, it is difficult at this stage to evaluate the robustness of the models since neither a CCC nor other measures are actually implemented. Implementing a CCC is a project that usually takes a long time before being operational. Current initiatives in Luxembourg City and Brussels with construction companies implementing a CCC and in France for the Olympic Games should bring helpful information to improve the current version of the toolkit. The models are based on the assumptions derived from data observed over eight months of four construction sites. If the quantity and the diversity of the collected data give us enough confidence to propose a first set of models, other sets of data representing other types of construction projects in other cities are necessary to improve the current models.
Additionally, the SUCCESSFUL toolkit DSS was presented in detail to 12 additional cities, mainly represented by public authorities. They generally showed interest in its benefits and highlighted how CCC practices are complex and need to take into consideration different elements, as reported hereafter.
The main feedback concerning the SUCCESSFUL-CBA4CCC DSS refers to the following:
• The quantification of indicators in each CCC: it strongly depends on the local context and makes the generalization of the evaluation of the benefits difficult. The complexity of CCC practices makes their assessment with a standard tool quite difficult.
•
The opportunity of raising awareness: cities noted that it gives useful estimations to assess the impact of the CCCs' activation and it can be a starting point for a more detailed cost-benefit analysis. The evaluation should be followed with more detailed and tailored analyses with reference to the specific case before taking decisions to introduce a CCC or not.
The main comments for the SUCCESSFUL-Action Plan DSS concerned the following:
• The tool can be useful for a high-level support to decision-making;
The matching between the measures and the variables; • The tool does not provide a statistically reliable basis to generalize; • The tool can help dialogue and communication between public and private stakeholders.
This partial experimentation received a lot of interest from the cities, which asked to be informed of the release of the tool.
General Discussion
Addressing challenges in city logistics requires a wide range of data that can now be collected and monitored more extensively and accurately with recent developments in information and communications technology (ICT) and intelligent transportation system (ITS). With the spread of Internet of things (IoT) sensors on vehicles, infrastructure, and goods, we can capture a large amount of real-time data at lower costs and share it in a transparent and secure way. Data can refer to traffic data, truck movements, or movements of goods captured at high frequency in urban areas. This provides opportunities for improving the performance and reducing the impacts of the urban freight transport in developing more advanced DSSs that will grasp the complexity of urban freight distribution. The most effective transport strategy, measure, or tool relies strongly on the capability to evaluate the economic, environmental, and social impacts of transport solutions. Advanced propositions to support the decision-making either for the choice of innovation measures [18] or for more operational questions like routing of dangerous goods [32] are promising but require important volume of accurate data.
If the technology is ready, we could wait for decades before witnessing a full exploitation of its potential. Construction is today one of the least digitalized sectors after agriculture [33] . For a sector with low margins and apparently stuck in a time warp, investment in innovation remains difficult, as does digitization and data reliability. Therefore, the authors think that the introduction of decision support solutions should be gradual and related to the maturity of the sector. The DSSs presented are simple, and do not integrate all aspects of urban freight transport, like hazardous material transport, but remain applicable in context.
Stakeholders involved in the planning phase underestimate the impact of transport. In the lifecycle of a standard construction project, transport and logistics issues are addressed during the execution phase, whereas they should be addressed earlier in the planning phase since they impact the local communities with regards to accidents, congestion, noise, and pollution. In the United Kingdom (UK), planners, developers, and construction contractors develop, during the planning permission process, a construction logistics plan focusing specifically on construction supply chains and how their impact on the road network can be reduced.
The set of DSSs we developed results from the observation and analysis of building constructions (hospital, office, and residential buildings). We may think that the approach should not fit infrastructure constructions that include public works, bridges, and highways. If the latter are executed in a widely spread area, the nature of activities is less diverse, as well as their supply chain. For example, road construction results from repetitive work including mainly earthwork and paving. In comparison, a residential construction will involve numerous sub-contractors that will perform specific activities sequentially, including among others structural works, cover and roofing, plumbing, electrical, and landscaping. However, infrastructure projects have limited means to work in isolation and, therefore, suffer from a higher exposure to the public, especially in urban areas. One of the other main characteristics that could have an impact on modeling is that most infrastructure projects such as roads, subways, and trams are mobile construction sites that change as the works go on.
Conclusions
Construction logistics is a niche market and a complex segment gathering a multitude of stakeholders with conflicting interests. To accommodate the growing population in urban areas, cities are renovating and developing building and infrastructure constructions as part of large redevelopment plans. To face the challenges related to the distribution of building materials in urban areas, actions coming from public and private decision-makers to find new solutions to limit nuisances become urgent. Because there is no one-size-fits-all solution to managing the urban supply chain, it is essential to take the specificities of each city and construction project into account. With specific regard to CCCs, the successful implementation of a CCC must be evaluated on a case-by-case basis and depends on many variables. In fact, CCCs can be financially sustainable, even without public help, but they must be deployed in favorable contexts (in terms of geographical location, chosen business model, political environment, etc.). The feasibility and profitability of a CCC highly depends on the possibility to reach economies of scale to compensate for the extra costs; thus, the presence of big construction sites or the choice of a CCC serving several sites seems to be most sustainable in the long term. As both a large customer and regulator, the public sector could play an important role in the adoption of this type of solution. Indeed, the public sector, which accounts for 20-30% of the total construction spending [12] , could include the use of a CCC in the tendering process and, thus, democratize an innovative practice.
The set of DSSs dedicated to construction logistics and supply chain presented in this paper provides urban decision-makers, and transport and logistics and construction companies with evidence-based decision-making support to (a) identify the most adapt measures for their future projects (collaborative DSS on the tangible tabletop and SUCCESSFUL-Action Plan DSS), and (b) assess the impact of the adoption of a CCC (SUCCESSFUL-CBA4CC and CCC locator DSSs). Experiments demonstrated decision-makers' interest for DSSs that are specific to their sector. Future studies on additional construction projects representing diverse types of construction projects, other sectors, and diverse cities across the world should improve the models supporting our DSSs to improve their robustness.
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